Dietary salt intake and hypertension are associated with increased risk of cardiovascular disease including stroke. We aimed to explore the influence of these factors, together with plasma sodium concentration, in cerebral small vessel disease (SVD). In all, 264 patients with nondisabling cortical or lacunar stroke were recruited. Patients were questioned about their salt intake and plasma sodium concentration was measured; brain tissue volume and white-matter hyperintensity (WMH) load were measured using structural magnetic resonance imaging (MRI) while diffusion tensor MRI and dynamic contrast-enhanced MRI were acquired to assess underlying tissue integrity. An index of added salt intake (P ¼ 0.021), pulse pressure (P ¼ 0.036), and diagnosis of hypertension (P ¼ 0.0093) were positively associated with increased WMH, while plasma sodium concentration was associated with brain volume (P ¼ 0.019) but not with WMH volume. These results are consistent with previous findings that raised blood pressure is associated with WMH burden and raise the possibility of an independent role for dietary salt in the development of cerebral SVD.
Introduction
Cerebral small vessel disease (SVD) accounts for 20% to 25% of strokes and causes cognitive impairment, disability, and dementia. The pathogenesis of SVD is poorly understood but hypertension and other vascular risk factors have been identified. Previous work in our group revealed associations between blood pressure and white-matter hyperintensity (WMH) burden and between blood pressure and previsible white-matter damage assessed by diffusion tensor imaging. 1, 2 The influence of dietary salt intake on stroke incidence and mortality is well known 3 but may be only partly mediated by its effect on blood pressure. 4 Plasma sodium concentration is assumed to be tightly regulated but there is some evidence to suggest that even small variations can affect physical and mental health in the elderly population. 5, 6 The role of dietary and plasma sodium in cerebral SVD is unclear.
In this work, we assessed a cohort of patients with recent nondisabling stroke and exhibiting a spectrum of SVD severity. We performed magnetic resonance imaging (MRI) scans to assess WMH volume, brain tissue volume, diffusion tensor MRI (DT-MRI) measures of tissue integrity, and T1-weighted imaging of contrast uptake. Blood pressure, an index of added dietary salt intake, and plasma sodium concentration were assessed and tested for associations with imaging findings.
Materials and methods Participants
Participants were 264 adult patients who presented to our in-and out-patient stroke service. We recruited consecutive patients with first clinically evident nondisabling lacunar or mild cortical ischemic stroke, including those with diabetes, hypertension, and other vascular risk factors. We excluded patients with unstable hypertension or diabetes, other neurologic disorders and major medical conditions including renal failure that would preclude use of intravenous gadolinium contrast agents. We excluded patients unable to give consent, with contraindications to MRI or intravenous contrast, who had hemorrhagic stroke or those whose symptoms resolved within 24 hours (i.e., transient ischemic attack). The study was approved by the Lothian Research Ethics Committee (REC 09/81101/ 54) and the NHS Lothian R&D Office (2009/W/ NEU/14) and conducted according to the principles expressed in the Declaration of Helsinki. All patients gave written informed consent.
Clinical data, diet and smoking history, WMH volume, brain tissue volume, and DT-MRI were obtained at presentation. Participants returned approximately 1 to 3 months after presentation for dynamic contrast-enhanced MRI (DCE-MRI), the delay being to avoid acute effects of the stroke on the local blood-brain barrier.
Clinical and Laboratory Measurements
On presentation, a clinician trained in stroke obtained the clinical details of the presenting stroke and determined the clinical stroke subtype (lacunar and cortical) using the Oxfordshire Community Stroke Project (OCSP) classification. 7 The same clinical researcher also recorded age, demographic details, past medical history of hypertension, previous stroke, previous transient ischemic attack, ischemic heart disease, peripheral vascular disease, diabetes mellitus, atrial fibrillation, hypercholesterolemia, heart failure, smoking and alcohol use, as well as all medications used and obtained blood biochemistry, brain MRI and other stroke investigations. We defined hypertension as blood pressure of 140/90 mmHg or greater on presentation or a previous diagnosis; smokers were defined as currently smoking or having given up within the previous 12 months and nonsmokers as having never smoked or having given up more than 12 months previously.
An experienced neuroradiologist assessed acute stroke subtype (lacunar or cortical) on MR diffusionweighted imaging (generated from DT-MRI), fluidattenuated inversion recovery (FLAIR), T2 and T1-weighted diagnostic imaging. Acute lacunar infarcts were required to be less than 20 mm in maximum axial diameter and in the deep white or gray matter (GM) of the cerebral hemispheres or brainstem. Infarcts involving the cortex, or subcortical infarcts larger than 20 mm diameter (i.e., a large striatocapsular infarct) were classed as 'cortical', likely to be due to large artery atherothromboembolism. All scans and clinical details were then reviewed by an expert panel of neurologists, stroke physicians, and neuroradiologists to establish the final stroke subtype using all clinical and imaging information. If no lesion was present on imaging, then the stroke was classified based on the clinical findings alone using the Bamford classification. 7 We measured systolic and diastolic blood pressure (SBP and DBP, respectively) from the brachial artery in the stroke clinic or stroke ward using hospital blood pressure devices, which were checked and maintained by technical staff. Pulse pressure (PP) and mean arterial pressure (MAP) were calculated as SBPÀDBP and DBP, respectively. Plasma sodium concentration was measured from blood samples taken during clinic assessment and measured in the NHS Lothian Biochemistry Department.
Participants were also asked to describe their addition of salt to food during cooking and at the dining table using the following salt intake score: 1 ¼ always, 2 ¼ often, 3 ¼ occasionally, 4 ¼ rarely, and 5 ¼ never; the mean of the two scores was subtracted from 6 to give an ordinal categorical variable in the range of 1 (minimum use of salt) to 5 (maximum use of salt) for use in statistical analyses. 
Magnetic Resonance Imaging

Image Processing and Analysis
Preprocessing. Magnetic resonance images were converted from DICOM to Analyze 7.5 format. Structural and DCE-MRI images were aligned to the precontrast T1W image using rigid-body registration (FSL-FLIRT 8 ); for participants who did not receive DCE-MRI, images were instead coregistered to the T2W image.
Tissue segmentation. The FLAIR and GRE images were processed using in-house software ('MCMxxxVI' 9 ) to extract WMH in the brain parenchyma; these were manually refined and, separately, old stroke lesions or index stroke lesions were manually outlined using Analyze 11.0 (AnalyzeDirect, Stilwell, KS, USA). White-matter hyperintensity was identified as punctate or diffuse areas in the white matter and deep GM of the cerebral hemispheres or in the brainstem that were 3 mm or larger in diameter and hyperintense with respect to normal-appearing white matter and GM on T2W and FLAIR images; some hypointensity on T1W MRI was allowed as long as not less intense than cerebrospinal fluid (CSF). White-matter hyperintensity included 'dirty' or ill-defined diffuse hyperintensities with varying and erratic intensity patterns emerging from the lateral ventricle wall 10, 11 provided such regions had outstanding intensity differences with respect to the normal-appearing white matter (NAWM) identified on T1W images. Index stroke lesions were defined as the hyperintense regions identified on the diffusion-weighted image generated from the DT-MRI scan including any corresponding signal changes on FLAIR, T2W, and T1W images, associated with swelling or lack of ex vacuo effect, that followed a vascular territory. Old stroke lesions were wedgeshaped hyperintense regions on the FLAIR or T2W images, and hypointense on the T1W image including cortex and/or subcortical tissues, with or without cavitation, and with ex vacuo effect reflecting tissue loss. The NAWM masks were generated using MCMxxxVI as described in Valde´s Herna´ndez et al. 12 Subcortical GM masks were generated automatically by a software pipeline that used FSL-SUSAN 13 for noise reduction, an age-relevant brain template, 14 FSL-FLIRT for aligning the template to each image data set, and FSL-FIRST 15 for extracting the subcortical structures, followed by manual boundary correction. To minimize any residual contamination of the subcortical GM, the mask was eroded by one voxel. An example of MR images and segmentation masks is shown in Figure 1 .
Brain tissue volume. Intracranial volume (ICV), defined as contents within the inner skull table including brain tissue, CSF, veins, and dura, and limited inferiorly by the tip of the odontoid peg at the foramen magnum, was extracted using the GRE image and the Object Extraction Tool in Analyze 11.0, followed by manual editing. Nonbrain tissue (CSF, venous sinuses, and meninges) was extracted using MCMxxxVI. The volume of the resulting 'nonbrain' binary masks was subtracted from the ICV to provide a measure of total brain tissue volume. For statistical analysis, the brain tissue volume as a percentage of ICV (%BTV) and the WMH volume as a percentage of ICV (%WMH) were also calculated.
Diffusion tensor magnetic resonance imaging processing. The DTI images were processed using in-house software, which removed bulk motion and eddy current induced distortions using FSL FLIRT 8 and generated a directionally averaged diffusion-weighted image, mean diffusivity (MD), and fractional anisotropy (FA) parametric images using standard methods based on multivariate linear regression. For each data set nonlinear registration 16 was used to align the tissue masks in the structural space (T2W) with the parametric maps in the diffusion space using the NiftyReg tool (http:// sourceforge.net/projects/niftyreg/) applied using TractoR software (http://www.tractor-mri.org.uk/diff usion-processing) to obtain the transformation between the brain extracted structural T2W image and the b 0 diffusion volume. To avoid partial volume averaging with CSF due to registration inaccuracies, the CSF mask was dilated by one voxel in each direction and then subtracted from the NAWM, WMH, and subcortical GM masks in the diffusion space. Median MD and FA were extracted for NAWM and subcortical GM in each patient.
Dynamic contrast-enhanced magnetic resonance imaging. Median signal intensities for normal-appearing subcortical GM and white matter masks were extracted from the coregistered precontrast and postcontrast T1W images. A vascular input function was also determined by manual selection of a voxel in the superior sagittal sinus, using a slice proximal to the basal ganglia structures and the lateral ventricles. This voxel was chosen to provide a high peak signal enhancement and smooth variation during the DCE-MRI time course and was chosen independently by two observers; where the observers selected different voxels, the voxel with the highest peak enhancement was chosen unless the signal curve was significantly noisier (a noise estimate was calculated as the sum of squared differences between the signal curve and a fitted biexponential curve). T 1,0 was calculated using the median signal intensities in the two precontrast images with flip angles 2 and 12 and used to derive time-concentration curves for each tissue as described in Armitage et al.; 17 contrast agent concentration in the sagittal sinus was converted to plasma concentration using the factor 1/ (1-Hct) and the most recent available hematocrit measurement in the patient's clinical record (if no hematocrit measurement was available (n ¼ 3) we assumed Hct ¼ 0.45). To semiquantitatively assess contrast uptake in tissue, we calculated the normalized area under curve (nAUC) defined as the area under the tissue concentration curve divided by the area under the superior sagittal sinus plasma concentration curve.
Statistical Analysis
Descriptive statistics in the text are given as mean AE standard deviation. Regressions were assessed by examination of the differences between the data and model predictions, and collinearity by variance inflation factors using SPSS version 19 (IBM Corp., Armonk, NY, USA) and Matlab (MathWorks, Inc., Natick, MA, USA). Predictors of %WMH and %BTV were investigated using multiple linear regression models with correction for age, smoking status, stroke subtype, and additional factors given in the text and tables. Residuals for the %WMH model were not approximately normally distributed; to correct for this, the transformed outcome variable ln(0.005 þ %WMH) was regressed instead. Subcortical GM MD (units 10 À6 mm 2 /s) was also transformed to ln(À700 þ MD) for this reason.
Results Subjects
A total of 264 subjects were recruited into the study with mean age 66.9 AE 11.8 years and a ratio of 45:55 for diagnosis of lacunar-to-cortical stroke; 39% of patients were smokers and 72% had hypertension ( Table 1) . Reasons for exclusion are shown in Figure 2 . After withdrawals and rejection of imaging data on quality grounds, DT-MRI and DCE-MRI data suitable for analysis were obtained in 262 and 201 patients, respectively.
White-Matter Hyperintensity and Brain Tissue Volume
Mean WMH volume as a percentage of ICV was 1.5 AE 1.6% with a positively skewed distribution. Pulse pressure ( ¼ 0.0092/mm Hg, P ¼ 0.036) and a diagnosis of hypertension ( ¼ 0.46, P ¼ 0.0093) were significant predictors of increased WMH volume as a percentage of ICV with correction for age, stroke subtype, and smoking status (Table 2 and Figure 3 ). Repetition of the analysis with replacement of PP and MAP with DBP and SBP showed that SBP but not DBP was positively associated with transformed %WMH ( ¼ 0.0079/ mm Hg, P ¼ 0.040). Salt intake score was also positively associated with WMH volume ( ¼ 0.14, P ¼ 0.021; Figure 3 ); further analyses using the separate scores for cooking and table salt usage were consistent with this finding ( ¼ À0.11/À0.067; P ¼ 0.020/0.18 for cooking/table salt-note that the coefficient sign change is expected, since the combined score was inverted). Regression analysis of brain tissue volume (mean: 71 AE 5% of ICV) with the same covariates revealed a positive association between plasma sodium concentration and %BTV corresponding to an increase in brain tissue volume of 2% ICV per 10 mmol/L sodium (P ¼ 0.019). Age was the most significant factor in the analyses of both %WMH and %BTV (P < 0.0001).
Diffusion Tensor Magnetic Resonance Imaging
The DT-MRI data were obtained in 262 subjects (DT-MRI data for two subjects were rejected due to failure of the nonlinear image registration). Mean diffusivity was distributed with mean values of 801 AE 52 and 787 AE 32 Â 10 À6 mm 2 /s in subcortical GM and NAWM, respectively, with corresponding FA of 0.234 AE 0.021 and 0.256 AE 0.022. The influence of blood pressure, added salt intake, and plasma sodium concentration on these variables was modelled with correction for smoking, stroke subtype, and age, as well as normalized WMH volume to account for SVD severity (Table 3 ). Plasma sodium concentration was negatively associated with MD in NAWM ( ¼ À1.2 Â 10 À6 (mm 2 L)/(s mmol); P ¼ 0.011) and FA in subcortical GM ( ¼ À0.9 Â 10 À3 L/mmol; P ¼ 0.021). Salt intake score was negatively associated with FA in subcortical GM ( ¼ À3.4 Â 10 À3 L/mmol; P ¼ 0.0012); additional analyses using the separate scores for salt usage during cooking and at the table were consistent with this finding ( ¼ 2.0/2.5; P ¼ 0.016/ 0.0052 for cooking/table salt). In WM, there were corresponding trends for reduced FA with increasing salt score ( ¼ À1.3 Â 10 À3 ; P ¼ 0.19) and lower plasma sodium ( ¼ 0.62 Â 10 À3 L/mmol; P ¼ 0.090) but these were not significant at the two-tailed 5% type 1 error level.
Dynamic Contrast-Enhanced Magnetic Resonance Imaging
Of the 264 patients recruited, 56 did not undergo DCE-MRI at 1-month follow-up due to decline in renal function (3), being too unwell (7) , lack of venous access (4), and declining to have the scan (42). Of the 208 patients that underwent DCE-MRI, data suitable for analysis was obtained in 201 (data for seven subjects were rejected due to 'tissueing' of contrast, technical faults during the scan or unacceptable data quality caused by patient movement). The DCE-MRI parameters were modelled using the same covariates as for DT-MRI data ( Table 4 ). Plasma sodium concentration was positively associated with nAUC in NAWM ( ¼ 0.18 Â 10 À3 ; P ¼ 0.019) but blood pressure, hypertension, and salt intake score were not significant predictors. The most significant covariate in these analyses was age, which was negatively associated with nAUC in both NAWM and subcortical GM (P < 0.0001). 
Discussion
Our finding that arterial blood pressure is associated with increased WMH volume is broadly consistent with the results of previous studies 1,2,18-21 and with the hypothesis that sustained pressure elevation and pressure fluctuations in the small cerebral vessels result in microvascular damage. 22 The independent association with clinical diagnosis of hypertension, additional to that of BP, likely reflects the historical effect of blood pressure elevation on vasculature and end organs in addition to that at the time of the study. Others have shown that WMH volume is also predicted by increased large artery stiffness, which may be one cause of increased pressure fluctuations in the small cerebral vessels. 23, 24 A novel finding of this study is that routinely adding more salt to food, which likely increases overall dietary salt intake in addition to the amounts of salt already present in food, is associated with greater WMH volume. There was also a highly significant negative association between the salt intake score and FA in normal-appearing subcortical GM, suggestive of 'previsible' reduced tissue integrity. 25 The interactions between salt intake, blood pressure, and cerebrovascular disease are not fully understood: it is widely accepted that sodium intake increases blood pressure 26 and that hypertension leads to cardiovascular disease including stroke 27, 28 and there is indirect evidence to support the beneficial effects of reducing the salt intake on the incidence of cardiovascular disease. 28, 29 Furthermore, epidemiologic studies indicate that salt intake is associated with increased risk of stroke and cardiovascular disease independently of blood pressure. 4, 30, 31 Our findings, which are corrected for blood pressure (both PP and MAP), hypertension, and age (as much as one can), suggest this might also be the case in cerebral SVD. Studies in the literature addressing the Figure 3 . Relationship between white-matter hyperintensity (WMH) volume and pulse pressure (PP), diagnosis of hypertension, and salt intake score. The association between WMH volume and PP (Spearman's R ¼ 0.26, P < 0.001) survived correction for age and all other factors listed in Table 2 . ICV, Intracranial volume. Abbreviations: BTV, brain tissue volume; CI, confidence interval; PP, pulse pressure; MAP, mean arterial pressure; WMH, white-matter hyperintensity.
role of sodium in SVD are lacking and the pathophysiologic mechanism of any harm is unclear. A possible direct effect of salt on the endothelium, in addition to any effect via elevated BP, might account for the increased stroke risk due to salt beyond that accounted for by hypertension alone: for example, salt-sensitive (versus salt-resistant) hypertension is associated with peripheral endothelial dysfunction 32 which, if also present in the brain, might account for the dynamic cerebral and systemic endothelial dysfunction seen in several studies of SVD 33 and the increased level of WMH seen here. However, although the linear model used here fitted our data well, the significance of salt intake score as an independent predictor of WMH could also be influenced by complex nonlinear interactions between salt intake, blood pressure, and vascular disease, which become steeper with advancing age, in hypertensives and high salt intake. 28 In contrast to dietary sodium consumption, plasma sodium concentration did not predict WMH volume but was associated with brain tissue volume, corresponding to an increase of 2% of ICV per 10 mmol/L sodium. Lower plasma sodium was also associated with increased MD in NAWM and increased FA in subcortical GM. The explanations for these associations are unknown and should be explored in future studies. Changes in brain volume may occur after acute changes in osmolality, but are thought to be temporary and rapidly reversed after changes in solute balance. 34 Furthermore, none of our participants were either hypernatremic (defined as [Na] > 146 mmol/L) or severely hyponatremic ([Na] < 125 mmol/L), though 13% were mild to moderately hyponatremic (125[Na]135 mmol/L). These findings may reflect transient changes related to hydration state, diet, time of day, or other factors. Most of our patients were managed as outpatients, not being ill enough to require hospital admission, and were mobile, cognitively competent outpatients with no clinical evidence of dehydration. However, plasma sodium was also associated with contrast uptake at DCE-MRI measured 1 month later, corresponding to a relative increase in nAUC in NAWM of 20% per 10 mmol/L sodium; this suggests that part of the association with brain volume may be accounted for by differences in blood volume. Age was a strong negative predictor of nAUC in GM and NAWM, consistent with literature reports of a reduction in the cerebral blood supply with age. 35 We note that, although contrast uptake in normal-appearing brain tissue is likely to be primarily intravascular, increased blood-brain barrier permeability in patients with SVD may result in an extracellular contribution to the nAUC particularly at older ages; 36 indeed, the positive association of nAUC with WMH volume may indicate such a contribution. Quantitative assessment of contrast extravasation in this patient group will be considered in future work. All analyses presented in this work were corrected for whether subjects were smokers. In line with the previous literature, smokers had both greater WMH volume 37 and lower brain volume 38 corresponding to a total brain volume difference of approximately 1% of ICV.
Our results concerning added dietary salt are limited by the qualitative and self-reported nature of these data. The index, based on a simple questionnaire, was designed for use in our clinical setting and did not attempt to assess total salt intake, an acknowledged complex task due to problems with accurate recall, and by the highly variable amounts of salt present in food or added by manufacturers during processing. However, our index may better reflect salt appetite and long-term exposure to salt. There is no gold-standard way to assess the salt intake of these patients retrospectively, and even the validity of a 24-hour urine collection, which is not practical in this cohort, has been questioned. 39 More complex questionnaires given by a dietician can provide a measure of intake but also depend on self-report and would not have been appropriate with this cohort of patients. A disadvantage of both detailed dietary questionnaires and biochemical tests is that they provide a snapshot of salt consumption, which may not reflect long-term exposure and habits, particularly during recovery from a stroke where intake may have been influenced by the recent stroke and lifestyle advice. Future work might focus on a more quantitative assessment of salt intake in patients presenting with mild stroke. Despite these reservations, our index correlated well with WMH volume and the trend was preserved when assessed using our two separate salt scores.
A second limitation is that our blood tests, while quantitative, measured plasma sodium concentration at a single point in time contemporaneous with measurement of WMH volume, %BTV, FA, and MD but not nAUC. As plasma sodium concentration shows strong individuality, it is unlikely to vary much unless the patient is over or under hydrated. 40 It should also be noted that the plasma sodium concentration can be influenced by kidney function, glucose level, and medication (13.3% of patients had reduced kidney function (estimated glomerular filtration rate < 60 mL/min/ 1.73 m 2 ) and 19.3% of patients took the diuretic medications Bendrofluimethiazide or Furosemide). However, correcting for these potential confounds made little difference to our results. Finally, we note that the age range of participants in this study was wide (34 to 96 years) and findings may be confounded by age-related effects not fully eliminated by the model; it is therefore desirable to replicate the findings in a larger study or in a sample with narrower age range.
In conclusion, arterial PP and diagnosis of hypertension predict WMH volume in patients with mild stroke. Added dietary salt intake was also independently associated with WMH. Plasma sodium concentration, while not associated with WMH volume, was a significant predictor of brain tissue volume and of gadolinium contrast agent uptake in NAWM.
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